DNA replication involves the inherent risk of genome instability, as replisomes invariably 18 encounter DNA lesions or other structures that stall or collapse replication forks during S-phase. 19 In the fission yeast Schizosaccharomyces pombe, the multi-BRCT domain protein Brc1, which is 20 related to budding yeast Rtt107 and mammalian PTIP, plays an important role in maintaining 21 genome integrity and cell viability when cells experience replication stress. The C-terminal pair 22 of BRCT domains in Brc1 were previously shown to bind phospho-histone H2A (γH2A) formed 23 by Rad3/ATR checkpoint kinase at DNA lesions; however, the putative scaffold interactions 24 involving the N-terminal BRCT domains 1-4 of Brc1 have remained obscure. Here we show that 25 these domains bind Rhp18/Rad18, which is an E3 ubiquitin protein ligase that has crucial 26 functions in postreplication repair. A missense allele in BRCT domain 4 of Brc1 disrupts binding 27 to Rhp18 and causes sensitivity to replication stress. Brc1 binding to Rhp18 and γH2A are 28 required for the Brc1-overexpression suppression of smc6-74, which impairs the Smc5/6 29 structural maintenance of chromosomes complex required for chromosome integrity and repair 30 of collapsed replication forks. From these findings we propose that Brc1 provides scaffolding 31 functions linking γH2A, Rhp18, and Smc5/6 complex at damaged replication forks. 32 33 KEYWORDS 34 Brc1, Rhp18, Rad18, BRCT domain, DNA damage, DNA repair, DNA replication stress, 35 genome integrity 36 37
INTRODUCTION

Identification of domains mediating the Brc1-Rhp18 interaction. With Rhp18
119 identified as a binding partner of Brc1, we sought to narrow down the protein domains mediating 120 this interaction. Fragments of Brc1 were evaluated for their ability to bind full length Rhp18 121 using the Y2H method ( Figure 1A ). This analysis revealed that a Brc1 fragment containing 122 BRCT domains 1-4 plus part of the linker region was sufficient for the Y2H interaction with 123 Rhp18. However, division of this fragment between the BRCT domains 2 and 3 eliminated the 124 Y2H signal, suggesting that BRCT domains 1-4 likely function as a binding module for Rhp18 125 ( Figure 1C) . To identify the regions of Rhp18 required for its interaction with Brc1, we utilized our 138 Y2H approach. Fragments of Rhp18 ( Figure 1B) were cloned into pGADT7 and tested for their 139 ability to interact with full length Brc1 or the Brc1(1-4) fragment expressed from pGBKT7 140 ( Figure 1A) . Removal of the SAP domain alleviated the observed one-hybrid activity in 141 pGADT7, and allowed scoring of interactions on restrictive plates lacking 3-AT. The 142 Rhp18(R/M) fragment supported growth on the restrictive plates, suggesting that the SAP 143 domain is not essential for the Brc1 interaction ( Figure 1D ). The N-terminal RING domain failed 144 to support growth on the restrictive plates when combined with either full length Brc1 or the N- 145 terminal BRCT domains ( Figure 1D ), suggesting that the RING domain alone is insufficient to 146 mediate the interaction with Brc1. The combined results above implied that the Mid domain 147 alone may be sufficient to interact with Brc1, and the two-hybrid analysis expressing only the 148 Mid domain in pGADT7 in conjunction with the Brc1 fragments in pGBKT7 corroborated that 149 assumption ( Figure 1D ). Therefore, our results suggest the Mid zinc finger domain of Rhp18 150 alone is sufficient to support the physical interaction with Brc1. interaction, we next turned our attention to analyzing the effects of previously characterized 155 point mutations altering conserved residues in the BRCT domains of Brc1 (12, 16). As expected, 156 the brc1-T672A mutation that disrupts binding to γH2A did not diminish binding to Rhp18 157 ( Figure 2B ). Brc1 proteins with altered residues in BRCT domain 2 (G136A and TH148, 149SG) 158 or BRCT domain 3 (R268K and W298F, P301G) also maintained the Y2H interaction with 159 Rhp18. In contrast, the brc1-HYP307-9GFG allele, which alters 3 residues in BRCT domain 4 160 near the BRCT 3-4 linker, eliminated the Y2H interaction with Rhp18 ( Figure 2B ). Importantly, 161 previous work showed that brc1-HYP307-9GFG impaired Brc1 function in genotoxin resistance 162 without disrupting its ability form γH2A-dependent nuclear foci (16), suggesting that this allele 163 disrupted critical scaffolding properties of Brc1.
164
To confirm the yeast-two hybrid assays we performed co-immunoprecipitation 165 experiments. Utilizing nmt41 promoter driven expression of N-terminally tagged Rhp18 and 166 Brc1, we found that 13myc-tagged Rhp18 readily co-precipitated with TAP-tagged Brc1 ( Efficient rescue of brc1Δ by expression of brc1-T672A but not brc1-HYP307-9GFG. 171 With the identification of point mutations of Brc1 that disrupt binding to Rhp18 or γH2A, 172 we directly compared the effects of these mutations in determining cellular resistance to DNA 173 damage. We expressed brc1 + , the Rhp18-binding defective mutant brc1-HYP307-9GFG, or the 174 previously described γH2A-binding defective mutant brc1-T672A (12), from the moderate strength nmt41 promoter in plasmid pREP41X. As an additional control, we also expressed brc1contrast, expression of brc1-HYP307-9GFG resulted in an extremely weak rescue of the MMS 180 phenotype when compared to the vector only control ( Figure 3A , row 6). We obtained essentially 181 the same results when we repeated the experiment in an htaAQ genetic background (hta1-S129A 182 hta2-S128S) ( Figure 3B ), which lacks the ability to form γH2A (11). Thus, defects in Brc1 183 binding to γH2A can be suppressed by Brc1 overexpression; however, the impacts of the Rhp18-184 binding defective brc1-HYP307-9GFG mutation on Brc1 function cannot be compensated for by 185 merely increasing its cellular concentrations. overexpression. We next investigated the relationships between Brc1 binding to γH2A or Rhp18 189 and its ability to rescue smc6-74. Utilizing the same approach as described above, we expressed 190 the brc1 alleles from pREP41X in the smc6-74 genetic background and tested MMS sensitivity.
191
As seen for the brc1Δ rescue experiments, expression of brc1 + or brc1-W298F, P301G fully 192 suppressed the smc6-74 MMS-sensitive phenotype in these assays ( Figure 4A is important for suppression of smc6-74. 199 To further investigate whether binding to γH2A is important for the Brc1 overexpression 200 rescue of smc6-74, we assessed the ability or our brc1 alleles to suppress smc6-74 in an htaAQ 201 background. Importantly, combining the smc6-74 and htaAQ mutations in the same strain caused 202 an apparent synergistic increase in MMS sensitivity (compare Figure 4A , row 3 to Figure 4B (1). Brc1 preserves genomic stability in response to replication stress, but the mechanism has 221 remained elusive (23, 24, 31-33). One well-defined property of Brc1 is its ability to bind γH2A 222 through its C-terminal BRCT domains. In this report, we have identified Rhp18 as another 223 binding partner of Brc1. This interaction is mediated through the N-terminal region of Brc1 224 containing BRCT domains 1-4 and it was disrupted by the brc1-HYP307-9GFG allele containing 225 clustered mutations at the beginning of BRCT domain 4. As observed for wild type Brc1, the 226 Brc1 protein encoded by brc1-HYP307-9GFG properly localizes in the nucleus, where it forms 227 foci in response to replication stress (16). Thus, the brc1-HYP307-9GFG mutation does not 228 appear to grossly disrupt Brc1 protein stability or localization, or its ability to bind γH2A-marked 229 chromatin flanking stalled or damaged replication forks. From these results, we propose that the 230 brc1-HYP307-9GFG mutation most likely disrupts a scaffolding function of Brc1 that involves 231 binding Rhp18. This model is consistent with the requirements for Rhp18 to tolerate genotoxins 232 that cause replication fork stalling and collapse, and the requirement for Rhp18 in suppression of 233 smc6-74 by Brc1 overexpression (24, 31). Importantly, the brc1-HYP307-9GFG mutation 234 abrogates smc6-74 suppression by Brc1 overexpression.
235
As a technical note, we used the yeast two-hybrid method for our studies because we 236 could not reliably precipitate full-length Brc1 in non-denaturing buffers. However, as shown in 237 Figure 2C , we have largely solved this problem through the use of an N-terminal TAP tag, 238 although a substantial amount of Brc1 appears to still be proteolytically cleaved. Importantly, we 239 could confirm our two-hybrid findings with these co-immunoprecipitation studies. The ability to 240 precipitate TAP-tagged Brc1 in non-denaturing buffers will make it possible to employ 241 proteomic methods in future experiments, which has been a very profitable strategy for analyzing 
251
It has been reported that Rhp18 is recruited to ssDNA and RPA-bound ssDNA (39, 40).
252
Given that RPA bound to ssDNA is sensed by Rad3/ATR, which phosphorylates H2A to form 253 γH2A (5, 43), it is unlikely that Rhp18 localization at DNA lesions requires binding to Brc1. 254 However, the potential presence of Rhp18 at the site of stalled replication forks, through its 255 interaction with RPA, could provide a potential binding surface at the fork to explain the γH2A-256 independent function for Brc1 that has been suggested in previous publications (12, 16).
257
It was previously reported that the dependence of the smc6-74 rescue on Rhp18 was due 258 to a requirement for the translesion synthesis (TLS) branch of PRR at higher MMS doses; 259 however, the requirement at lower MMS concentrations could not be attributed to a known Finally, we note that a recent proteomics study with human cells led to the discovery of a 278 putative DNA repair factor, consisting of SLF1 and SLF2, which physically links Smc5/6 279 complex to Rad18 bound to RNF168-catalyzed ubiquitin chains at certain types of DNA lesions 280 (48). SLF1, also known as BRCTx, is a multi-BRCT domain protein that uses its BRCT domains 281 to bind Rad18 (49, 50). Indeed, this SLF1/BRCTx-Rad18 interaction was first discovered 282 through a two-hybrid screen that used BRCTx as bait, just as we discovered the Brc1-Rhp18 on the downstream primers. The resulting brc1 inserts were then ligated into NdeI and BamHI 319 digested pGBKT7, and the rhp18 fragments were ligated into NdeI and XmaI digested pGADT7.
320
Expression of TAP-Brc1 was achieved by cloning full length brc1 + , or brc1-HYP307-9GFG, 321 cDNA into NdeI and BamHI digested pREP41-NTAP as previously described (54). For MMS 322 survival assays pREP41Xbrc1 + was used to rescue the MMS phenotypes as previously described 323 (24, 31), and all evaluated brc1 point mutants were generated by site-directed mutagenesis 324 (Agilent Technologies) using pREP41Xbrc1 + as template. To N-terminally tag Rhp18 at its 325 endogenous locus pFA6a-natMX6-p41nmt-13myc was constructed by cleaving the 3XFLAG 326 from pFA6a-natMX6-p41nmt-3XFLAG (55) and replacing it with the 13myc tag, without its stop 327 codon, isolated from pFA6a-13myc-natMX6 (53). All plasmids generated for use in this study 328 were sequence verified before use.
330
Yeast two-hybrid analysis. All Brc1 and Rhp18 fusion constructs were generated as alleles in response to MMS treatment in a brc1Δ genetic background suggests that brc1-HYP307-9GFG (Lee and Russell, 2013) retains more activity than brc1Δ, but significantly less than the previously published γH2A binding mutant brc1-T672A (Williams, J., et.al., 2010) , which rescued brc1Δ as well as brc1+ and brc1-W298F, P301G. B. Functional evaluation of the brc1 alleles in response to MMS treatment in the htaAQ brc1Δ genetic background, demonstrating the Brc1-Rhp18 interaction is more essential for Brc1 function in an overexpression situation than its ability to bind γH2A. overexpression assays in the smc6-74 htaAQ rhp18Δ background, suggesting the failure of brc1-HYP307-9GFG to rescue smc6-74 is not completely explained by its inability to bind Rhp18.
